The 
Introduction
An exhaust plume disperses because of the combined effects of advection, turbulent diffusion and molecular diffusion resulting in an effective diffusion. The diffusing flow is a superposition of aircraft-induced and atmospheric flow. The former is controlled by the airplane and its flight condition: the circulation around the wings, and thus the strength of the vortices, is proportional to the weight and span and inversely proportional to the speed of the aircraft. Atmospheric turbulence increases mixing and stable stratification reduces/increases the effective diffusion in the vertical/horizontal directions [see, e.g., Dfrbeck and Gerz 1995] . A significant wind shear triggers turbulence and distorts the plume, leading to even stronger horizontal dispersion compared to situations without shear.
The wake flow is conveniently derided into three
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0148-0227 / 98 / 98 J D-02282 $ 09.00 plus one stages which can clearly be observed in the exhaust distribution: In the "jet" regime the vortex sheet around the wings rolls up into two counterrotating vortices positioned roughly at the wing tips. Simultaneously, the hot exhaust jets first expand freely but the evolving wing tip vortices soon draw them in and trap them in the vortex cores [Gerz and Ehret, 1997] . Figure 1 sketches the situation. In the following "vortex" regime, the vortex pair propagates downward by mutual velocity induction. Most of the exhaust also sinks below flight level as it is stored in that primary wake. However, some fraction of exhaust is detrained into the secondary wake, which is the wake produced by the vortices themselves. The secondary wake connects the vortices (primary wake) with the flight level [Lewellen and Lewellen, 1996; Gerz and Ehret, 1996] . The vortex regime is followed by the "dissipation" regime, where the organized vortical motion breaks up in turbulence and where its energy dissipates to the background level. Finally, the aircraft-induced motion ceases and atmospheric processes transport and diffuse the emissions farther on; this flow stage is referred to as the "diffusion" regime. However, this qualitative picture of the processes in the wake of an aircraft is insufficient to assess the im- So far, we have discussed diffusion processes in the primary wake in terms of the temporal change of absolute maxima. Figures 2 and 4 
Mixing Times
To study and assess the spatially and temporally different impact of the airtraffic emissions upon the atmosphere it is necessary to know at which temporal scale tr• the exhaust is distributed and mixed over an 
Conclusions
The goal of our study was to investigate the complex mixing and diffusion processes of the exhaust during all stages of an aircraft wake and to link the wake flow controlled by the aircraft during the "jet," "vortex," and "dispersion" regimes with the atmospheric motions in the "diffusion" regime.
We showed that the temperature and species concentration values, as measured and simulated in the primary wake, cannot be explained by a freely expanding exhaust jet but demand the description of the trapping and isolation of the exhaust by the wing tip vortices. The isolation of the exhaust delays the mixing compared to free jet dynamics by several minutes. The often used approximation w • 1It yields a fair description of the dilution only during the jet regime ( Figure 5 ). Box models which describe the mixing throughout all phases by a t -• dependence (and then also use too low exhaust temperatures) will miss the measured concentration in the primary wake after 82 s in the B747 case by more than i order of magnitude (Figure 6 ).
Our LES data further suggest that one has to distinguish between mixing processes in the primary and secondary wakes in order to explain concentrations as measured during other campaigns. For example, at similar wake ages a ratio NO2/NO• of 20% was observed in the secondary plume (H. Schlager, personal communication 1997) but only 6% were found in the primary plume . This difference is probably due to the much stronger entrainment of ambient Oa into the exhaust curtain than into the primary wake. All these facts illustrate the importance of an accurate description of the dynamical processes during all stages of an aircraft wake life cycle.
Finally, Table 2 summarizes our attempts to provide modellers with effective diffusions, dilutions, and entrainment rates throughout all stages of the aircraft wake evolution. These data are deduced from our large- 
